A method is proposed for the assessment of the interactive accumulation of heavy metals in soils. Sixty surface soil samples were collected from fifteen sites, at a depth of 0-30 cm, evenly distributed, within the 30,700 ha comprising the study area.
Introduction
Soil is a very complex and open natural system, and as a part of the terrestrial ecosystem, plays a significant role in elemental cycling. It has important functions as a filter and as a buffer system, and also, as a storage of heavy metals, plant nutrients and other complex compounds, and transformation system, supporting a homeostatic interrelationship between the biotic and abiotic environments (Kabata-Pendias, 1993 ).
In soils, as well as in plants, numerous interactions may take place between macro-, micro-nutrients and heavy metals and the soil physical and chemical properties (Kalavrouziotis and Koukoulakis, 2012; Kalavrouziotis et al., 2008; Ntzala et al., 2013.) . The intensity of these interactions depends on the soil characteristics (pH, CEC, OM, Clay, Fe and Mn oxides, redox potential), plant (species, cultivar, part or age) and environmental factors (climate, irrigation, topography, management practices) (Kabata-Pendias and Andriano, 1995) . 836 PAPAIOANNOU et al. The interactions between these elements seem to play an important role in supplying the soil with heavy metals and plant nutrients, although their mechanism is not very well understood. A number of factors may cause their occurrence (Kalavrouziotis and Koukoulakis, 2009 ). This accumulation could lead to a dynamic heavy metal «silent pollution» of soils, the adverse effects of which could possibly appear in the long run, provided that no anthropogenic pollution will take place.
Research work contacted during the last 10 years in the Department of Environmental and Natural Resources Management of the University of Ioannina, Greece, showed that the elemental interactions contribute significant amounts of heavy metals, and plant nutrients depending on the extent of synergism and antagonism that occurs between these elements (Kalavrouziotis and Koukoulakis, 2012) . That is why the interactions could act as plant growth and soil fertility factors and as a means affecting favorably or adversely the environmental quality, (Kalavrouziotis and Koukoulakis, 2009 ).
Generally, among the interactions, the synergistic ones are on the average predominating over the antagonistic. This predominance is directly related to soil fertility and plant growth positively and negatively, depending on the kind of element being supplied. Similarly, the antagonistic interactions may have positive or negative effect depending on whether the element deprived is heavy metal or plant nutrient. The fact is that in either case the elemental interactions are directly related to the environmental quality, and hence to the economy Kalavrouziotis et al., 2012) .
The various soil inputs such as fertilizers, treated wastewater, and sewage sludge, seem to increase the number of interactions occurring in soils, irrespective of the extent of their pollution (Kalavrouziotis et al., 2010) .
The actual use as a method for the study and assessment of the contribution to soils by the elemental interactions in terms of heavy metals (Co, Cr, Cd, Cu, Zn, Mn, Pb) or of plant nutrients (P, K, Ca, Mg) under natural or anthropogenic conditions, to our knowledge, has not so far been studied quantitatively by any investigator.
Voluminous information has accumulated during the last years about the heavy metals toxic effect, their non-biodegegradable nature, the risk effect possed on human, animal and plant health and the accumulation of these metals, and metalloids in soils, water and atmosphere as a result of the anthropogenic activities, which have caused significant environmental health problems in many countries.
The analysis of the above problem of heavy metals is outside of the scope of this paper.
Nevertheless, the aim of the present study is to examine the possibility of using the "elemental interactions" as a method for assessing their contribution in terms of heavy metals, under the effect of soil properties i.e. pH, electrical conductivity, organic matter, CaCO3, and clay, in order to predict the possibility of future soil pollution with these toxic heavy metals.
Materials and methods

Study area and soil sampling
The study area is in Peloponnese, Greece, geographically determined by the coordinates: longitude 21 o 31' -21 o 49' E and latitude 37 o 49'-37 o 35' N, and its boundaries encompass a total area of 30,700 ha. The climate of the area is characterized by a Mediterranean type with mild and rainy winter. The area is cultivated with currant vines, horticultural crops mainly citrus trees, wheat and forage. The geological formations of the study area include alpine formations mainly consisting of sandstone, pelitic, marl, limestone, siltstone, siliceous formations, sandy and silt-clayey (I.G.M.E., 2003).
The soil samples originated from fifteen uncultivated sites evenly distributed in the above area). The names of the specific sites are reported in Figure 1 . Four soil samples per site were taken at a depth of 0-30 cm and the distance among the sampling points was 2 km. A total of 60 soil samples of approximately 1 kg wt were taken i.e. 4x15=60 samples.
Figure 1. Map of study area in Elias Prefecture
The fifteen sites on ( Fig. 1) 
Soil analysis
The soil samples were air-dried and sieved through a 2mm sieve, oven dried, at 100 °C and were analyzed by means of internationally-accepted classical methods, as follows: soil mechanical analysis by Bouyoucos method (Bouyoucos, 1951) , organic matter by the wet digestion procedure of Walkley and Black (Jackson, 1958) , CaCO3 by the method of Bernard, pH was measured on water extract of saturated paste using a standard glass pH electrode and the conductivity t by means of a conductivity meter (Jackson, 1958) . Available soil P was analyzed by Olsen et al. (1954) method, the extracting agent being 0,5N NaHCO3 and P was measured spectrophotometrically. The exchangeable Ca 2+ , Mg 2+ , K + , and Na + by extraction with NH4Ac pH 7.0 (Lanyon and Heald, 1982) , Ca and Mg by titrating with Versenate (Richards, 1954) , also K and Na by flame photometer. Micronutrients Zn, Fe, Mn, and Cu and heavy metals Cd, Pb, Co, Ni, and Cr were extracted with DTPA (Lindsay and Norvell, 1978) and measured by inductively coupled plasma emission spectroscopy (ICP-ES) (Soltanpour et al., 1998) . The relevant results of soil analysis are reported in Tables 1, 2 and 3.
Statistical analysis and the Procedure of quantification of the elemental interactions contribution
The statistical processing of the experimental data was made by Microsoft SPSS ver. 20, and Excel 2002.
It included ANOVA, regression analysis and determination of Pearson's correlation
The elemental concentration data were used for the procedure of quantification and determination of percent elemental contribution of (PEC) according to the modified procedure of Koukoulakis et al., (2013) , which is explained below as follows:
1-The rational of the procedure of quantification of the elemental interactions contribution, is based on the usually found difference in elemental concentration of soil samples taken from randomly distributed points of a given field. This difference in the concentration of a given element between two soil samples, taken from two randomly distributed sites of the same field, is due to the effect of variability of some known factors, such as pH, CaCO3, organic matter, clay mineral composition, oxides of Fe, Mn, and Al, moisture, presence of various other elements, and also to the effect of the elemental interactions, which may play an important role. Naturally, other unknown factors may also be involved.
The question which is raised is: What is the percent contribution, of the elemental interactions occurring in soil, in this difference? 2-To answer this question, it is necessary to have an extensive analytical soil data of the concentration of the basic heavy metals , plant nutrients and data of soil physical and chemical properties, so that it can be possible to run regression analysis among these factors, with the view to determine all the statistically significant elemental interactions.
It must be mentioned in this respect, that in the soil numerous interactions may take place, which can be represented by linear, logarithmic or quadratic relationship, but obviously, not all of these regression equations are statistically significant. They have to be chosen, based on the regression coefficient, the significance of the NOVA F value, and the general shape of the interactions response curve, which in most cases it is quadratic, secondarily logarithmic and rarely linear.
Assume that we want to calculate the interactions contribution in terms of Zn. Let us consider that the following interactions are statistically significant, i.e. E1xZn1, E2xZn2, … EnxZnn where E1, E2, … En represents various elements. Further, we consider that, these interactions are expressed by the following statistically significant regression quadratic equations: From the available analytical data of soil, the maximum and minimum values of the elements E1, E2……En are known. Also the maximum and minimum value of Zn is found. By solving the above equations for the maximum and minimum value of E1, E2……En,(independent variable) respectively, the theoretical or calculated maximum and minimum values of the dependent variable Zn\ is determined. The difference between (Znmax -Znmin), or (Znmax -Znmin) or (Znmax -Znmin) represents the calculated contribution in terms of Zn of the interactions Ε1xZn1, Ε2xZn2 and ΕnxZnn, respectively.
Since Zinc is the dependent variable in the regression equations, the above can be expressed by the following general relationship, which actually represents the Percent Elemental Contribution (PEC), i.e.:
PEC = (ymaxcl -ymincl) x 100/(ymaxan -yminan)
where (ymaxcl) represents the calculated maximum value of the dependent variable in mg kg -1 , and (ymincl) represents the calculated minimum value of the dependent variable in mg kg -1 .The (ymaxan) represents the maximum value of the dependent variable obtained from the set of the existing analytical data of soil (in mg kg -1 ), and (yminan) represents the minimum value of the dependent variable, obtained from the set of the existing analytical data of soil analysis (in mg kg -1 ).
Finally, the PEC is calculated as the mean value of the algebraic sum of the individual PECs corresponding to each of the above regression equations, divided by the number of equations or the number of interactions, which in this case are 3. It must be noted that the value of PEC can be positive is most of the interactions are mainly synergistic or negative if the antagonistic interactions dominate.
The positive PEC means that the interactions supplied the soil with the corresponding element and contribute to its accumulation, while the negative PEC means that the interactions decreased the element under consideration by the respective value of PEC.
Results and Discussion
Soil physicochemical characteristics
The physicochemical characteristics of soil samples are presented in Table 1 . Soil textural classes were distributed among the sites as follows: The soil of nine sites was Clay Loam (CL), four sites Sandy Clay Loam (SCL), one site Clay soil (C) and one Loam (L). In other words, generally the soils were of medium to light texture by 93.33%.
Also, according to the above Table 1 , the soil pH of twelve sites was acidic varying between 6.06-5.25, while of three sites it was basic (alkaline) ranging from 7.00 to 7.65. The organic matter (OM) was distributed as follows: Eight sites contained >3.00% varying from 3.07-3.68%, six sites >2.00% varying from 2.04 -2.93% and one site > 1.00 being 1.97%. Also, the soil electrical conductivity (EC) of all sites studied, was within the normal range <1.5 mS cm , and Ca 858.75->2000 mg kg -1 (Table 2) . 
Heavy metal concentrations
The mean concentration and the range of heavy metals of soil samples of the 15 sites are reported in Table 3 . It can be seen that Mn has the highest concentration, being 80.622 mg kg -1 and ranging between 5.33 and 259.30 mg kg -1 . Also in Table 4 the mean concentration of each heavy metal is reported per site studied. According to Kabata-Pendias (2010) higher Mn levels are often reported for soils over mafic rocks and for soils rich in Fe and/or organic matter, and also for soils from arid or semiarid regions. In the present study, it was found that the DTPA extractable soil Mn concentration increased with the increase of the DTPA extractable Fe (Figure 2 ). This result seems to be in line with the conclusion reported by Kabata-Pendias (2010), according to which Mn soil levels are higher in soils rich in Fe. 
Interactions between heavy metals, plant nutrients, and soil chemical and physical properties
In the present study, it was found that a considerable number of interactions are taking place in the soil system between heavy metals, essential macro and micronutrients (P, K, Ca, Mg, Mn, Fe, Zn, and Cu) , and physical and chemical properties of the soil, such as, OM, EC, pH, and calcium carbonate.
In Figure 3 , the statistically significant interactions are presented. As shown in Table 4 , in total, 92 statistically significant interactions were found to occur in the sites studied. Of these interactions 59 or 64.13% are synergistic, and only 33 or 35.87% are antagonistic, suggesting a net supply of heavy metals to soil and [plant nutrients. Quantification of the elemental contribution by all the interactions included in Figure 3 proved that significant quantities of heavy metals i.e. Fe 8.06, Zn 0.86, Pb 0.29, Cd 0.033, Co 0.112 and Ni 0.125, kg/ha and plant nutrients i.e P2O5 8.6, K2O 52.92 and Ca 78.98 kg/ha, have been added to soil, available for plant growth (Table 5 ).
The above contribution of the elemental interactions to soil has been reported as a means to explain the observed situation where in certain cases, heavy metals behave as plant nutrients (Kalavrouziotis and Koukoulakis, 2012) . The numbers in parentheses refer to the percent distribution. 
The quantification of the elemental contribution of heavy metals interaction with plant nutrients and soil physical and chemical properties
The present study evaluated quantitatively the contribution of the elemental interactions occurring in the soil by applying the procedure by based on the analytical data of the soils studied Koukoulakis et al., (2013) . Thus, the statistically significant interactions were determined by means of regression analysis, (Figure 3 .) The regression equations obtained were used for the quantification of the elemental contribution.
However, as this contribution is affected by the soil physical and chemical properties, {pH, Clay, Electrical conductivity (EC), Organic matter (OM)}, the effect of each of these soil properties on the elemental quantification of heavy metals, was thoroughly studied as follows:
One basic aim of the present work was to study and evaluate the overall effect of each of the above mentioned soil properties on the interaction's elemental contribution. Taking into account that the present study was based on only soil sampling, where no systematic variables were applied, in order to study the effect of soil properties, it was necessary to divide the data of each property into three ranges as follows: 157-0.289, 0.290-0.599, 0.600-2.302 Following the above introductory statements, the effect of the above three ranges of each soil property on the quantified levels of each heavy metal and plant nutrient, is examined below.
Effect of pH
It can be seen in Figure 4 , that the elemental contribution of interactions, in terms of heavy metals and plant nutrients, expressed as PEC, is positive for the 90% of the elements studied. More specifically, the elements Fe, Cu, Mn, and Ni were contributed positively and at an increasing rate under all the three pH ranges.
Also the concentration of the contributed elements Mg, Ca, Co, and Pb increased, but only under the low and medium range of pH, decreasing or being non significant under the higher range.
Similarly, the elements Cd and Pb were contributed positively, but only under the low and the higher pHrange, being non significant under the medium range. On the other hand Zn remained constant, not being affected by the three pH-ranges studied Thus, it can generally be concluded that the PEC was increased significantly under the effect of the pH, suggesting that the increase of pH within the limits of the experimental data, i.e. 4.52 to 7.88 favoured the occurrence of synergistic interactions. This conclusion is in line with the data of Table 5 where the numbers of synergistic interactions are almost twice as those of the antagonistic ones.
Figure 4:
The effect of three pH-ranges on the percent elemental contribution to soils samples
Effect of organic matter
The effect of organic matter (OM) on the interaction's elemental contribution, under the three ranges studied was found to be negative for the 90% of the elements examined ( Figure 5 ). Thus, the contributed levels of the heavy elements, Zn, Mn, Cd and Ni decreased with increase of the OM, while the Fe and Co contribution was more or less unaffected under the above ranges, while the contribution in terms of the Pb concentration was erratic and not definite. It was inferred that the OM in general, did not favour the occurrence of synergistic interactions. This result may possibly be due to the high absorbing capacity of organic matter for the interacting elements, due to the high concentration of OM in ligands or functional units such as -COOH, phenolic -OH, C=O etc (Stevenson and Cole, 1999) , which form complex compounds with metals, thus creating unbalanced conditions between the interacting elements. It must be underlined that the interactions between elements are a dynamic procedure and may change between synergism and antagonism, under the effect of many factors, including the level of the concentration of the interacting elements.
Effect of clay
The effect of clay on PEC is given in Figure 6 . Careful examination of this Figure reveals the following: The elemental contribution in terms of Ni, Fe and Zn, and P, under the effect of the three clay ranges increased significantly while that of Cd increased under the effect of the low and highest range. Conversely, the contribution in Cu and Co, decreased respectively under all clay ranges, studied.
The contribution in K, Mg and Mn was not affected by the clay ranges, while Pb and Ca were contributed in an erratic way. Finally, the contribution in K was unaffected by the changes of clay level. The PEC under the effect of the EC was negative in most of the metals studied, suggesting that antagonism was the controlling factor of the elemental interactions occurring in the soil in presence of varying EC levels.
As indicated in Figure 7 , only the elements K and Zn were contributed positively, increasing under the effect of the three EC ranges, respectively. Also, the contribution in Pb, Cd, P, and Ca increased under the effect of the low and medium range, decreasing under the highest level. On the other hand, all the remaining elements were negatively contributed, decreasing with the increase of the EC ranges. Thus, Fe, Ni, and Cu contribution decreased significantly by the increasing EC levels, while the contribution in Co was more or less not affected by the three ranges of the EC studied.
Conclusions
Based on the aforementioned, the following conclusions could be drawn:
Most of the elemental interactions (64.19%) occurring in the soils studied were synergistic whereas 35.86% of them were antagonistic.
The soil properties affected the percent elemental contribution (PEC), as follows:
(i)-pH increased significantly the PEC in term of heavy metals and plant nutrients of almost all elements,
(ii)-Organic matter did not seem to favor the PEC, as it had a negative effect on the elemental contribution of most elements, (iii)-Soil clay increased the contribution only in terms of P, Fe, Ni, and Zn, and (iv)-The electrical conductivity had a negative effect on the elemental contribution of most heavy metals and plant nutrients, with the exception of K and Zn which were contributed positively (v)-It was concluded that the elemental interactions contribution in terms of heavy metals, occurring perpetually in soil, constitute a source of a "silent" and imperceptible pollution, which may possibly become in the long run a serious threat, by complementing and enhancing possible anthropogenic metal inputs in soil, thus, potentially accelerating future soil and environmental pollution.
